Background There is good evidence to show that varicocele repair can improve conventional sperm parameters, as well as, sperm DNA integrity, in infertile men with a clinical varicocele. Objective To examine the effect of varicocelectomy on sperm quality, specifically, sperm nuclear chromatin integrity and sperm mitochondrial DNA (mtDNA) copy number. Design, Setting, and Participants A prospective study done between March 2007 and January 2008. We evaluated a consecutive series of infertile men (n014) presenting to Ovo clinic with one year or more history of infertility, a clinically palpable varicocele and poor motility (<25 % rapid progressive and <50 % progressive). Surgical Procedure Microsurgical sub-inguinal varicocelectomy. Outcome Measurements and Statistical Analysis Conventional sperm parameters, sperm mtDNA copy number (by real time PCR) and sperm chromatin structure assay (SCSA) parameters (%DFI,% HDS) before and 4 months after microsurgical varicocelectomy. Results and Limitations Sperm concentration and SCSA parameters (%DFI and %HDS) improved significantly after surgery (P<0.05). Sperm mitochondrial DNA copy number decreased significantly after surgery (27±30 to 9±6 copies per sperm, respectively, P00.032). There was a significant negative correlation between mitochondrial DNA copy number and sperm motility (r0− 0.71, P00.002). Conclusion These findings support the concept that correction of a varicocele can improve spermatogenesis and sperm function, as mitochondrial DNA copy number has been suggested to reflect the efficiency of spermatogenesis and has been inversely related to sperm motility.
Introduction
Sperm nuclear DNA damage has emerged as an objective diagnostic tool in the evaluation of male factor infertility [1, 2] . More recently, sperm mitochondrial DNA (mtDNA) integrity and copy number have also been studied in the context of male infertility [3, 4] . During spermiogenesis, sperm cytoplasm is shed and there is a sharp reduction in the number of sperm mitochondria and in mtDNA content (to ten-fold less of its initial value) such that mature mammalian spermatozoa contain only approximately 22-75 mitochondria situated along the sperm midpiece [5] [6] [7] . Human oocytes contain an average of 200,000 mtDNA copies and oocyte mtDNA copy number is proportional to oocyte quality [8] . In contrast, sperm mtDNA copy number is inversely related to male fertility [4] . Paternal transmission of mitochondrial DNA defects is exceedingly rare because of the low numbers of mitochondria in sperm (compared to oocytes) and the fact that sperm mitochondria are degraded in the oocyte cytoplasm [9] [10] [11] .
Mitochondria generate ATP (cellular energy) by oxidative phosphorylation [12] [13] [14] . ATP is required for sperm motility and hyperactivation, suggesting that sperm mitochondrial function may be important for flagellar propulsion and sperm fertilizing capacity [12] [13] [14] [15] . Nonetheless, the role of mitochondria and oxidative phosphorylation in sperm function and motility has been debated. On the one hand, studies have shown that sperm motility is significantly reduced when spermatozoa are incubated with mitochondrial-specific inhibitors such as, rotenone, potassium cyanide and oligomycin [16] . Moreover, sperm mitochondrial mutations have been associated with oligoasthenozoospermia and isolated asthenozoospermia [16] [17] [18] . On the other hand, another important source of sperm ATP is derived from glycolytic enzymes along the sperm tail fibrous sheath [19] , thus, undermining the importance of mitochondrial function in sperm motility. Moreover, the fact that a low (not high) number of mtDNA copies per mature sperm is associated with good sperm quality does not support the idea that mitochondrial function is related to sperm motility [4, 15, 17, 20] . In fact, a high number of sperm mitochondria (and mtDNA copies) has been associated with defective sperm function [4, 21] . It has been suggested that an increased number of mitochondria may be responsible for oxidative stress (and ensuing sperm dysfunction) through the excessive generation of reactive oxygen species -ROS, produced as a byproduct of oxidative phosphorylation [22] [23] [24] [25] .
It is reported that varicocele repair results in improved semen quality in 60 to 80 % of infertile men [26, 27] . However, the true effect of adult varicocelectomy on male fertility remains controversial largely because of the paucity of randomized and controlled trials [28] [29] [30] . As well, using the improvement in conventional semen parameters as an outcome measure after varicocelectomy is limited by virtue of the high degree of biological variability of these parameters. An improvement in sperm DNA integrity after varicocele repair would provide more credibility as to the therapeutic effect of varicocelectomy because compared to standard semen parameters, measures of sperm DNA damage exhibit a lower degree of biologic variability and may be better predictors of male fertility potential [31] [32] [33] [34] [35] . Additionally, a reduction in the mtDNA copy number after varicocele repair would provide another biological mechanism for the improved sperm function (motility) after varicocele repair.
As such, the purpose of this study was to objectively evaluate the impact of varicocelectomy on sperm mtDNA copy number and nuclear DNA integrity in infertile men with a clinical varicocele and poor sperm motility.
Material and methods

Patient population
We conducted a prospective study of couples presenting for infertility evaluation at the OVO fertility clinic in Montreal, Canada, between March 2007 and January 2008. Men presenting to our clinic with one year or more history of infertility, a clinically palpable varicocele and poor motility (<25 % rapid progressive and <50 % progressive) were recruited. Baseline testicular volumes (estimated with an orchidometer) and serum FSH, LH and testosterone levels were obtained. Men with azoospermia, severe oligozoospermia (<5 million sperm per ml), complete asthenozoospermia or evidence of genital tract infection were excluded. Couples in whom the wife had tubal obstruction or ovulatory failure were not included. Fertile sperm donors with normozoospermia were used as controls.
The infertile men recruited for the study were asked to submit two semen samples (at 1 to 2 months before surgery and at 4 months after varicocelectomy) for evaluation of standard sperm parameters, sperm chromatin structure assay (SCSA) parameters (%DFI -DNA fragmentation index and % HDS-high DNA stainability, an index of chromatin compaction) and sperm mitochondrial DNA (mtDNA) copy number (assessed by real time PCR). All of the men underwent microsurgical varicocelectomy (from September 2007 to June 2008) and all of the operations were performed by the same surgeon (AZ), as previously described [36] .
The study was approved by the ethics review board at McGill University and all men signed an informed consent prior to participating. Patient information for this study remained confidential and within the institution.
Semen handling
Samples were obtained by masturbation after 3-5 days of sexual abstinence. After liquefaction of semen, standard semen parameters (volume, concentration, motility) were obtained using a computer-assisted semen analyzer-CASA (Sperm Vision HR, Penetrating Innovations LLC, Verona WI, USA). All of the semen samples had motile sperm and none had detectable numbers of somatic cells or round cells (<1 somatic or round cell per 100 spermatozoa and < 1 million round cells per ml) (WHO 1999).
Following liquefaction, a 100-500 μL aliquot of semen (containing approximately 10 million spermatozoa) was collected from the original sample and frozen at −70°C for later DNA extraction and evaluation of sperm mitochondrial DNA (mtDNA) copy number. Two additional aliquots of semen (containing approximately 2 million spermatozoa) were collected from the original sample and frozen at −70°7 C for later evaluation of sperm DNA fragmentation index (% DFI) and high DNA stainability (% HDS).
Sperm DNA fragmentation index (DFI) and high DNA stainability (HDS) Sperm DNA damage was assessed by the sperm chromatin structure assay (SCSA) and the results were expressed as sperm %DFI (an index of DNA damage) and sperm %HDS (a measure of nuclear chromatin compaction) as previously described [32, 37] . The SCSA was performed with a FACS Calibur flow cytometer (Becton Dickinson, San Jose, CA, USA). The WinList software (Verity Softwarehouse Inc., Topsham, ME, USA) was used to generate the cytogram and histogram plots and, the %DFI and %HDS values.
Mitochondrial DNA copy number assessment by real-time PCR MtDNA copy number was analyzed using an absolute quantification method [38, 39] . Briefly, 2 separate master mixes containing 300 nM each of primers for amplification of CO II-Cytochrome C oxidase 2 (mtDNA) and calicin (reference single copy nuclear gene) were prepared. Primer sequences were as follows: CO II F: CCCCACATTAGGCTTAAAAACAGAT CO II R: TATACCCCCGGTCGTGTAGCGGT Calicin F: CTGGTCGCTACATCTACATCTC Calicin R: CAGGTCAGGCAACTTGGTC 1 ng/μl of template DNA was mixed with Fast SYBR Master Mix (Applied Biosystems) and aliquoted in duplicates into a 96-well plate (20 μl/well). Real-time PCR was done using AB 7500 Fast Series (Applied Biosystems ABI 7500 Fast System, Life Technologies Corp, Carlsbad, California, USA). A thermal run was started with an initial denaturation step at 95°C for 30 s. This was followed by 40 cycles at 95°C for 3 s and 61°C for 30 sec, followed by a melt curve analysis. Standard curves for absolute quantification of both the CO II and calicin genes were generated for each run using a recommended new procedure (Chan et al., 2011 personal observation) [40] . Testing of paired samples (pre-and postsurgery) was always carried out on the same run.
The cycling threshold or CT values were calculated for each sample by the SDS 2.1 software [38, 39] . Mean quantities of both the mtDNA and calicin from each sample were calculated relative to the external standards. Each sample was processed in duplicates and in two independent runs. Mitochondrial DNA copy number per sperm was quantified by dividing the mean quantity of COII by that of calicin, the single copy nuclear gene [40] . The inter-run variability (coefficient of variation) of mtDNA copy number assessment was 21.6 % (95 % CI: 16.9, 26.3).
Data analysis Results are expressed as means ± one SD. Differences between the pre-and 4-month post-varicocelectomy parameters were estimated by Wilcoxon signed-ranks test. The calculations of correlation coefficients between parameters (variables) were done using a nonparametric procedure, the Spearman rank-order correlation. All hypothesis testing was two-sided with a probability value of 0.05 deemed as significant. Analyses were conducted with the Sigma Stat program (SPSS, Chicago, IL).
Results
We evaluated 14 men who met the inclusion criteria. All men had provided pre-and post-varicocelectomy semen samples. Mean (±SD) left and right testicular volumes were 14±2 and 15±4 ml, respectively. The mean (±SD) serum FSH, LH and total testosterone levels were 6±4 IU/L, 4±1 IU/L and 13± 5 nmol/L, respectively. At baseline, the 14 men had a mean (± SD) sperm concentration of 39±37 million per ml (median: 36.6, range: 9-130 million per ml), total motility of 30±13 (range 3-46 %), %DFI of 22±12 (range 4-38 %) and %HDS of 11±6 (range 5-24 %). The mean mitochondrial DNA copy number in infertile men with varicocele (27±30, range: 6-66 copies) was significantly higher than that of fertile donors (5±3, range: 2-9 copies) (P00.046).
Sperm DNA integrity improved significantly at 4 months after surgery (n 014; %DFI decreased from 22.4 ± 11.9 (range 4-38 %) before surgery to 12.6 ± 6.0 (range 3-23 %) at 4 months after surgery: see Table 1 ). Similarly, sperm chromatin compaction also improved significantly at 4 months after surgery (n014; %HDS decreased from 11± 6 % (range 5-24 %) before surgery to 6±4 % (range 3-23 %) at 4 months after surgery: see Table 1 ). Sperm mitochondrial DNA copy number decreased significantly after surgery (from 27±30 (range 6-66 copies) before surgery to 9 ± 6 (range 2-20 copies), P 00.032). Sperm concentration and total motility improved after surgery, although, the improvement in motility was not statistically significant (Table 1) . We observed a significant inverse correlation (by univariate analysis) between sperm motility and sperm mtDNA copy number (r0− 0.71, p<0.004) (see Fig. 1 ). In contrast, weak and non-significant relationships were found between mitochondrial DNA copy number, and, sperm concentration (r0−0.37), %HDS (r00.42) and %DFI (r00.42).
Discussion
In the present study, we have found that the average number of mitochondrial DNA (mtDNA) copies per spermatozoa was significantly higher in infertile men with a clinical varicocele and poor sperm motility than in fertile donors (27±30 vs. 5±3). We also observed a significant inverse correlation between sperm motility and sperm mtDNA copy number (r0− 0.71, p<0.004). Together, these data support the notion that a high mtDNA copy number is associated with poor sperm function and male infertility. These findings are in keeping with studies that have used real time PCR to evaluate mtDNA copy number [4, [41] [42] [43] . In contrast, studies that have used other techniques in the estimation of mtDNA copy number (e.g. southern blot, where cross-hybridization with mitochondrial pseudo genes can falsely raise the copy number) have reported wider ranges of values, with much higher numbers of mitochondria per spermatozoon [44, 45] . As such, the large differences in sperm mtDNA copy number reported in the literature are mainly due to differences in mtDNA quantification techniques.
We speculate that the small (in absolute terms) difference in sperm mtDNA copy number between fertile and infertile men (~20 copies [5] ) is unlikely to be associated with a sperm functional difference. Rather, the relatively high copy number in infertile men should be viewed as a marker of sperm dysfunction. An elevated sperm mtDNA copy number is most likely indicative of impaired spermatogenesis and improper regulation of mtDNA replication in men who generally have poor quality sperm. The high mtDNA content in spermatozoa of men with poor semen quality may therefore be an indicator of defective spermiogenesis and may also reflect problems in energy metabolism in both testicular cells and mature male gametes [46] . Amaral et al. showed higher mtDNA content in a group of infertile patients with OAT compared to patients with normal sperm parameters. Interestingly, the expression of the mtDNA replication factors, POLG and TFAM, was inversely related to mtDNA copy number, and hence, to sperm quality [43] . Additionally, a number of investigators have suggested that an elevated mtDNA copy number occurs as a response to cellular stress or injury (e.g. oxidative stress) [22, 25] . The elevated mtDNA copy number may also be the result of a feedback process operating indirectly to compensate for the low respiratory chain activity, thus leading to increased production of abnormal mitochondrial DNA [4, 15, 41] .
We have found that varicocelectomy is associated with a significant improvement in sperm concentration and, DNA and chromatin integrity, as previously reported [47] [48] [49] . We have also shown that varicocelectomy is associated with a significant reduction in sperm mtDNA copy number (from 27 to 9), a previously unreported observation. Although the small sample size (n014) and the lack of a control group (infertile men with varicocele who did not undergo surgery) limit our ability to draw major conclusions on the effects of varicocelectomy, the decrease in sperm %DFI is in line with prior studies [48, [50] [51] [52] [53] and the absolute decrease in sperm mtDNA copy number is substantial. The reduction in %DFI at 4 months after surgery is further evidence in support of a favorable effect of varicocelectomy on sperm quality because unlike conventional sperm parameters (concentration, motility), measures of DNA damage exhibit a low degree of biological variability. The significant decrease in mtDNA copy number after varicocelectomy provides additional support in favor of varicocele repair for male infertility and sheds new light on the potential mechanisms responsible for the improved sperm function after varicocelectomy. The clinical significance of a 67 % reduction in sperm mtDNA copy number (from 27 to 9) is unclear in view of the limited clinical data on this parameter. However, the 61 % reduction in sperm %DFI (from 22.4 to 12.6 %) is potentially clinically significant based on the reported influence of sperm DNA fragmentation on reproductive outcomes [2, 32, [54] [55] [56] [57] [58] [59] .
We speculate that the decrease in sperm mtDNA copy number after varicocelectomy is the result of improved spermiogenesis, with enhanced shedding of residual cytoplasm (and retained mitochondria) and/or improved regulation of mtDNA replication [43, 60] . The improvement in spermiogenesis after varicocelectomy was originally reported by Johnsen and Agger [61] . These investigators obtained pre- Fig. 1 Correlation between sperm mitochondrial DNA copy number and total motility (%) (R-squared 0 0.5180, P00.002) and post-operative testicular biopsies and reported that histology scores improved after varicocelectomy. A number of investigators have shown that varicocele is associated with an increased level of seminal oxidative stress and that varicocele repair can lower the levels of oxidative stress and this could represent an additional mechanism by which mtDNA copy number could be reduced [50, 51, 62] . In the present study, varicocelectomy was also associated with a significant increase in mean sperm concentration and in the percentage of motile sperm, although the improvement in sperm motility did not reach statistical significance. Although we did not monitor the impact of varicocelectomy on sperm morphology, we do not feel that this additional parameter would alter the final conclusions, as the primary goal was to examine the effect of surgery on mitochondrial DNA copy number.
In summary, in this prospective study of infertile men with clinical varicocele and poor sperm motility, we have shown that microsurgical varicocelectomy is associated with an improvement in sperm nuclear DNA integrity and a reduction in mitochondrial DNA (mtDNA) copy number. Although the sample size is small, these preliminary findings are of importance because they are first to show that mitochondrial DNA copy number is reduced by varicocelectomy, hence, the data provide an additional mechanism for the reported beneficial effect of varicocele repair on male fertility potential, and, support the premise that varicocelectomy improves spermatogenesis and sperm function.
